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Experiments using 
reinforcement f o r  Zr02 
ABSTRACT 
Zr02 p o l y c r y s t a l l i n e  fibers as a s t r u c t u r a l  
foams have demonstrated the  f e a s i b i l i t y  
of such a concept and ind ica t e  t h a t  s u b s t a n t i a l  improvements may 
be s h m  i n  foam s t rength .  
Preliminary data on Mo-containing Z r O Z  foams show cons iderable  
improvement i n  thermal  i n su la t ion  performance when compared wi th  
p l a i n  calcia s t a b i l i z e d  Z r 0 2  foams of s i m i l a r  densi ty .  
Report prepared by: 
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1, I NTRODUCTI ON 
This is  t h e  fou r th  qua r t e r ly  r e p o r t  of Contract NASw-884 
on t h e  subject, "Research on Law Density Thermal I n s u l a t i o n  
Materials f o r  U s e  move  3000?~." 
t i o n  of work performed on Contract NASr-99 which was conducted 
fo r  seven q u a r t e r s  from A p r i l ,  1962, through D e c e m b e r ,  1963, 
1.1 Purpose of t h e  Proqram 
This  program is a continua- 
Law-density foamed ceramic thermal i n s u l a t i o n  r ap id ly  lo ses  
e f f i c i e n c y  above 2400°F due t o  t h e  t r a n s f e r  of hea t  through t h e  
pores  by thermal r ad ia t ion .  The purpose of t h i s  program is t o  
study t h e  reduct ion of t h i s  r ad ia t ion  o r  photon con t r ibu t ion  t o  
t h e  thermal conduct ivi ty  by the incorporat ion of a thermal radia-  
t i o n  barrier phase i n t o  a low-density r e f r a c t o r y  s t r u c t u r e ,  
Mechanisms such as absorpt ion and re - rad ia t ion  by embedded 
particles, s c a t t e r i n g  by incorporated phases and r e f l e c t i o n  by 
metallic f o i l  r a d i a t i o n  barriers are being inves t iga t ed  and 
evaluated,  
1.2 Phases of t h e  Proqram 
The goa ls  of t h i s  program are be ing  achieved through t h e  
p u r s u i t  of t h e  t h r e e  phases described b r i e f l y  below with d e t a i l s  
of t h e  progress made during t h i s  q u a r t e r  discussed i n  Sec t ion  I1 
1 
f . 
A ,  Phase - Technical  Review 
Review of previous high temperature hea t  t r a n s f e r  work, 
e s s e n t i a l l y  completed during the  f i r s t  q u a r t e r ,  has been 
continued a t  a s u f f i c i e n t  l e v e l  of e f f o r t  t o  keep ab reas t  of 
t h e  r ap id ly  changing technology. 
B. Phase II - Mater ia l s  Formulation 
The major e f f o r t  of t h e  program is  concerned wi th  t h e  
f a b r i c a t i o n  of law-density, l o w  thermal conduct iv i ty  mater ia l s .  
Light  weight pure oxide ceramic matrices have beer! developed and 
impregnated with var ious volume percentages of p o t e n t i a l  radia-  
t i o n  sh ie ld ing  phases introduced by a v a r i e t y  of techniques. 
Specimens of ceramic oxides whose thermal conduct ivi ty  have 
been previously reported have a l s o  been prepared f o r  c a l i b r a t i o n  
and equipment checkout purposes. 
c ,  Phase III - Experimental Measurements 
Evaluation of t he  thermal r ad ia t ion  b a r r i e r  concept is being 
conducted i n  t h i s  phase of t h e  program. A high temperature thermal 
conduct iv i ty  test  cell ,  capable of maintaining under s teady con- 
d i t i o n s ,  specimen hot face temperatures of 4500°F and above has been 
f ab r i ca t ed  and ca l ib ra t ed .  
conduct iv i ty  of t he  ceramic foam composite test samples is i n  
progress.  
Measurement of t h e  apparent thermal  
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2. DISCUSSION 
2.1 Phase 1 - Technical Review 
A report dea l ing  with t h e o r e t i c a l  and experimental  thermal 
t r a n s f e r  c h a r a c t e r i s t i c s  of non-opaque oxide ceramic materials 
a t  high temperatures has been reviewed. 
s impl i f i ed  t o  t h e  t w o  m o d e s ,  (1) rad ia t ion ,  and (2 )  la t t ice  con- 
d u c t i v i t y ,  i s  considered i n  semi-transparent materials such as 
p o l y c r y s t a l l i n e  ceramics. 
emission from these  mater ia l s ,  when used f o r  high temperature 
appl ica t ions ,  is  a volume process r a t h e r  than t h e  sur face  "emittance" 
c h a r a c t e r i s t i c  normally considered. 
(l'Therrna1 energy t r a n s f e r ,  
It w a s  e s t ab l i shed  t h a t  r ad ian t  energy 
The emittance of alumina, f o r  example, was  shown experimentally 
t o  be dependent upon sample thickness and a l so  t o  vary by a f a c t o r  
of 2 between t w o  specimens of i d e n t i c a l  composition and size b u t  
d i f f e r e n t  microstructure  and densi ty  i n  t h e  2 t o  3 micron range. 
S imi la r ly ,  a sample of very low poros i ty  and high translucency 
alumina had a much higher emissivi ty  than normally processed com-  
mercial aluminum oxide ceramics. These p o l y c r y s t a l l i n e  ceramics, 
and t o  an even greater ex ten t  t he  foamed ceramics considered i n  
t h e  p re sen t  program, conta in  pores and g r a i n  boundaries which act 
as s c a t t e r i n g  centers .  Radiant energy t r a n s f e r  and o ther  optical 
c h a r a c t e r i s t i c s  w i l l  then be grea t ly  s t r u c t u r e  dependent i n  these  
latter types of materials. 
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The study concludes t h a t  r ad ian t  energy s c a t t e r i n g  assumes 
overwhelming importance a t  wave lengths  below 5 microns where t h e  
a3sorpt ion c o e f f i c i e n t  rap id ly  increases ,  A s  a r e s u l t  of t h i s  
high r a t i o  of s c a t t e r i n g  c o e f f i c i e n t  t o  absorpt ion c o e f f i c i e n t ,  t h e  
emiss iv i ty  i s  r e l a t i v e l y  l o w  i n  t h e  near i n f r a r e d  and very s e n s i t i v e  
t o  composition and microstructure . These observations aid i n  t h e  
understanding of experimental  apparent thermal conduct iv i ty  da t a  
obtained on oxide and ceramic foam specimens, both p l a i n  and as 
composites w i t h  metal r ad ia t ion  r e f l e c t i n g  p a r t i c l e s  obtained i n  
t h e  cu r ren t  program, The high thermal g rad ien t s  observed i n  t h e  
experimental  composite in su la t ing  systems developed are apparently 
due not  only t o  an increase i n  thermal r e s i s t i v i t y  due to t h e  
r a d i a t i o n  r e f l e c t i n g  phases,  but a lso t o  changes i n  optical charac- 
teristics due, a t  least  i n  part, t o  t h e  o p t i c a l l y  dense mater ia l s  
added. 
2.2 Phase I1 - Mater ia l s  Formulation 
2.2.1 Matrix Material 
Mechanical f a i l u r e  of ceramic f o a m  specimens due t o  t h e  
extremely high temperature grad ien ts  developed i n  these  i n s u l a t i n g  
systems has become an increasing problem. A series of experiments 
was  t he re fo re  i n i t i a t e d  t o  m o r e  c l o s e l y  c o n t r o l  particle s ize  i n  
an attempt t o  produce a more dense web between adjacent  pores i n  t h e  
foamed ceramic s t ruc tu re .  I n i t i a l  t r ia ls  ind ica t e  some improvement 
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can be made through t h e  use of t h i s  approach, 
are scheduled, 
Further  experiments 
An a l t e r n a t e  means of increasing mechanical s t r e n g t h  of z i r con ia  
foams i s  by reinforcement w i t h  f i b r o u s  materials 
s t a b i l i z e d  z i r c o n i a  fibers have been obtained and incorporated 
i n t o  oxide ceramic foams- Such f ib rous  reinforcement has been 
accomplished i n  z i r con ia  foamed ceramics using both  l a r g e  mats 
of z i r con ia  f i b e r s  a l igned  c i rcumferent ia l ly  wi th in  t h e  specimen 
and by blending many small bunches of p o l y c r y s t a l l i n e  f i b e r s  
randomly wi th in  the  s t r u c t u r e  during t h e  foaming operation. 
I n i t i a l  experiments i n d i c a t e  the  latter method w i l l  increase  modulus 
of rupture  s t r eng th  by a f ac to r  of 2 and w i l l  s i g n i f i c a n t l y  improve 
sample performance, 
or ien ted  f ib rous  reinforcement are i n  progress ,  
Po lyc rys t a l l i ne  
Fur ther  experiments using t h i s  randomly 
A t h i r d  approach t o  increasing t h e  mechanical s t r eng th  of 
t h e  matrix material is by t h e  u s e  of a l t e r n a t e  r e f r a c t o r y  compounds. 
Experiments with zirconium diboride,  a t  t h e  National B e r y l l i a  
Corporation l abora to r i e s  i n  an  unre la ted  experimental program, had 
ind ica ted  t h a t  t h i s  ma te r i a l  may be u s e f u l  i n  t h e  f a b r i c a t i o n  of 
s t rong  r e f r a c t o r y  foam shapes. Necessary r a w  materials have been 
ordered and experiments w i l l  be performed toward t h i s  end when 
they are received, 
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2.2.2, Canposites 
Ver i f i ca t ion  of the  rad ia t ion  a t tenuat ion  e f f e c t  of zirconium 
m e t a l  i n  a zirconium dioxide ceramic, as reported by the  General 
Electric Cmpany and described i n  a previous q u a r t e r l y  report, i s  
i n  progress, 
f u l l y  incorporated wi th in  a zirconium dioxide foam sample. 
are being s in t e red  i n  an argon atmosphere t o  prevent oxidation of 
t h e  zirconium m e t a l  and reduction of t h e  zirconium dioxide,  Thermal 
conduct ivi ty  data on t h e s e  sys t ems  are not y e t  ava i lab le ,  
Zirconia metal powder has been received and success- 
Specimens 
The erratic test data obtained on seve ra l  samples of zirconium 
dioxide f o a m ,  i n  which molybdenum dis i l ic ide  is  used as a p o t e n t i a l  
thermal r ad ia t ion  barrier phase, has r e su l t ed  i n  c a r e f u l  ana lys i s  
of these systems. 
temperatures (greater than 4000%) i nd ica t e s  t h a t  d e s t a b i l i z a t i o n  
of t h e  cubic z i rconia  r e su l t s .  D i f f r ac t ion  p a t t e r n s  shaw a major 
monoclinic phase of zirconium dioxide along with s u b s t a n t i a l  q u a n t i t i e s  
of zirconium silicate and molybdenum metal i n  add i t ion  t o  t h e  molyb- 
denum disilicide phase i n i t i a l l y  added. This is i n  c o n t r a s t  t o  a 
similar specimen i n  which molybdenum metal only was added to t h e  
stabil ized cubic zirconium dioxide ceramic foam. Af ter  exposure 
t o  a similar thermal environment, the molybdenum-zirconia specimen 
remained i n  the  cubic s tab i l ized  form w i t h  the molybdenum metal 
s t i l l  present  as such, These data explain t h e  cracking, f a i l u r e  
and erratic thermal conductivity values  obtained on seve ra l  d u p l i c a t e  
X-ray da ta  on composites exposed t o  very high 
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I -  
s t acks  of t h e  molybdenum d i s i l i c i d e  composite specimens, 
Preliminary experiments w e r e  conducted a t  t h e  L e w i s  Space 
F l i g h t  Center of NASA i n  Cleveland on t h e  s t a b i l i t y  of t h e  
zirconium dioxide matrix i n  a hydrogen atmosphere a t  e levated 
temperatures, 
such up t o  i t s  melting temperature of about 4700 F, 
t i o n  d a t a  show t h a t  t h e  s l i g h t  reduction of t h e  oxide as indicated 
by a d isco lora t ion  t o  a dark gray does not a f f e c t  t h e  la t t ice  
spacing of t h e  cubic Zr02 and is probably due t o  a small oxygen 
d i f  f ic iency  s i m i l a r  t o  t h a t  frequently observed i n  t i tanium dioxide 
a t  much lower temperatures i n  a i r ,  
These d a t a  ind ica te  t h a t  ZrO, remains e s s e n t i a l l y  as 
X-ray d i f f r ac -  
L, 
0 
2.3 Phase I11 - Experimental Measurements 
2.3-1 Ver i f ica t ion  of T e s t  D a t a  
Two measurement runs were conducted on a s tack  of aluminum 
oxide specimens obtained on a round-robin t es t  series sponsored 
by ASIM, C o m m i t t e e  C-25. The test conditions w e r e  non-ideal for 
t h i s  type of ceramic material. 
thermal shocked due e i t h e r  t o  a high thermal grad ien t  induced i n  
t h e  specimens or too rap id  heating by t h e  i n t e r n a l  graphi te  hairpin 
heater .  X-ray d i f f r a c t i o n  analysis  of t h e  sur face  of t h e  sur face  
of t h e  alumina specimens adjacent t o  t h e  graphi te  ha i rp in  hea ter  
i nd ica t e s  t h e  formation of aluminum carbide (Al4C3) and aluminum 
oxicarbide (A12OC) , A composite experimental curve is shown, however, 
Several  of t h e  specimen discs w e r e  
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i n  Figure 1, along w i t h  data reported by American Lava Co, and 
Melpar, Inc. on the s a m e  s t ack  of specimens, D a t a  on Brush elec- 
t r o n i c  grade Be0 specimens, previously reported i n  t h e  "Third 
Q u a r t e r l y  R e p o r t "  (3) i s  included t o  c o r r e c t  t h e  misprint  i n  t h e  
K u n i t s  of Figure 1 of t h a t  document, 
2.3-2 C o m p o s i t e  Measurements 
(2)  
Thermal  conduct ivi ty  test  da ta  w e r e  obtained on t w o  specimens 
of foamed zirconium dioxide prepared by d i f f e r e n t  processing tech- 
niques as i s  shown i n  Figure 2, Run 70 i s  a v e r i f i c a t i o n  of pre- 
v ious ly  reported run 68, a normally processed zirconium dioxide 
ceramic foam of dens i ty  0.9 g/cc. 
processed, huwever, with cont ro l led  particle s i z e  d i s t r i b u t i o n  
designed t o  produce a more dense w e b  between ad jacent  pores i n  the  
oxide f o a m  shape. These process condi t ions r e s u l t e d  i n  a dens i ty  
of 1.1 g/cc and an approximate 20 percent  improvement i n  modulus 
oi rupture  s t rength ,  A s  indicated i n  Figure 2, t he  thermal con- 
d u c t i v i t y  of t h e  more dense s t r u c t u r e  i s  not  s i g n i f i c a n t l y  higher 
than t h e  former material, 
Run 71 is  a similar composition 
A l s o  shown i n  Figure 2 i s  a thermal conduct ivi ty  vs,  tempera- 
t u r e  curve determined i n  run No, 73 for a z i r con ia  foam containing 
10 wt.% molybdenum m e t a l ,  This  specimen, having a dens i ty  of 1.2 
g/cc incluaing t h e  molybdenum, has a thermal  conduct ivi ty  approxi- 
mately equal t o  t h a t  reported i n  t h e  previous q u a r t e r l y  report for 
a specimen of Zr36 zirconium dioxide containing 20 W t , %  tungsten 
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Kolybdate decomposition technique which t ends  t o  concentrate  the 
added molybdenum phase near t h e  su r faces  of t h e  specimen r a t h e r  
than homogeniously throughout t he  s t ruc tu re .  The r e l a t i v e  e f f e c t s  
of t h e  thermal r e f l e c t i n g  mechanism, due t o  t h e  added phase, and t h e  
su r face  emis s iv i ty  changes, due t o  t h e  opaque addi t ions ,  have no t  
y e t  been resolved, 
3. PROGRAM FOR NEXT QUARTER 
The development of foam s t r u c t u r e s  of improved phys ica l  s t rength.  
w i l l  be continued, both f i b e r  reinforcement of zirconium dioxide 
foams and foams of a l t e r n a t e  r e f r ac to ry  compounds w i l l  be evaluated,  
Specimens of zirconium dioxide re inforced  with z i r con ia  f i b e r s  
and containing t h e  m o r e  successful  thermal r a d i a t i o n  barrier phases 
examined t o  d a t e  w i l l  be prepared and measured i n  t h e  thermal 
t r a n s f e r  cell.  Measurements of t h e  z i r con ia  foam specimens con- 
t a i n i n g  z i r con ia  m e t a l  powder w i l l  a lso be measured i n  t h e  thermal 
conduct iv i ty  tes t  apparatus,  
bo r ide  with zirconium dioxide with a v a r i e t y  of atmosphere and 
thermal condi t ions w i l l  be evaluated, C e r a m i c  foams of pure 
zirconium dibor ide  w i l l  be developed i f  possible and foams of 
zirconium dioxide containing zirconium dibor ide  as p o t e n t i a l  thermal 
r a d i a t i o n  b a r r i e r  phases w i l l  be f ab r i ca t ed ,  evaluated and measured. 
The compat ib i l i ty  of zirconium di -  
11 
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